Abstract-We experimentally demonstrate, for the first time to the best of our knowledge, the use of optical fiber for optical parametric chirped pulse amplification to amplify subpicosecond pulses. We use this system to amplify a subpicosecond signal at 1595 nm generated by a fiber-optical parametric oscillator. The 750-fs signal from the oscillator output is stretched to 40 ps, amplified by an all-fiber optical parametric amplifier and then compressed to 808 fs. The peak power of the signal is amplified from 93 mW to 10 W.
FOPCPA to amplify 6.4-ps pulses [8] . However, to the best of our knowledge, FOPCPA with subpicosecond pulsewidth has not yet been experimentally demonstrated. Thus, to experimentally demonstrate an FOPCPA system which can be used to amplify subpicosecond pulses is highly desirable.
One of the key parameters of ultrashort pulsed fiber-optical parametric oscillators (FOPOs) [9] is the output peak power. In the wavelength region around 1000 nm, peak power of 1.2 kW can be achieved using high-power Ti : sapphire oscillator as the pump [10] . However, in the spectral region around 1550 nm, where most of the telecommunications applications require, the peak power of the output signal of FOPO was less than 1 W as demonstrated in previous work [11] [12] [13] [14] . Thus, it is desirable to further increase the output power of the FOPO, using an additional amplifier. Due to the remarkable amplification performance of fiber-optical parametric amplifier (FOPA) [15] in both conventional and nonconventional bands, it is logical for us to use this configuration to further amplify the signal.
In this letter, the combination of FOPO and FOPCPA is demonstrated. We use the signal output of the FOPO with a pulsewidth of 750 fs and wavelength of 1595 nm as the input signal of the FOPCPA system. The peak power of the signal is amplified from 93 mW to 10 W. The proof-of-concept demonstration of FOPCPA may lead to further development of the OPCPA system. The totally fiber-integrated nature of the whole system allows complete self-alignment and further integration to other fiber-based systems. These techniques have potential applications in generation and high energy amplification of ultrashort pulses. Furthermore, as opposed to an erbium-doped fiber amplifier (EDFA), the arbitrary gain regions of FOPA [15] allows ultrafast signal generation and amplification in nonconventional wavelength bands.
II. PULSE GENERATION USING FOPO
The experimental setup of the FOPO is shown in Fig. 1 , which is similar to our previous work in [14] . The pump was a mode-locked fiber laser (MLFL), which generated short pulse with pulsewidth of 1.5 ps and repetition rate of 10 GHz at 1555 nm. The output from pulsed laser was intensity-modulated by a 100-MHz electrical pulse with duty ratio of 1/100 to increase the peak power of the pump in the later stage. It was then amplified, filtered and further coupled into the cavity for parametric amplification. The peak power of the pump was measured to be 17. coefficient of 14 W km , zero-dispersion wavelength of 1554.7 nm and dispersion slope of 0.035 ps/nm /km was deployed as the gain medium inside the cavity. A 50/50 coupler in the cavity provided 50% feedback and 50% output. The signal was filtered out by the variable-bandwidth tunable bandpass filter (VBTBPF1) with a bandwidth of 10 nm. Tuning was achieved by adjusting the center wavelength of VBTBPF1. The polarization controller PC2 inside the cavity was used to align the state of polarization (SOP) of the signal with that of the pump, while the ODL1 in the cavity was used to synchronize the signal with the pump. The FOPO output spectrum was monitored by an OSA through a 1/99 coupler. Another VBTBPF2 with a 5-nm bandwidth was used to filter out the desired signal, and its pulsewidth was measured by an autocorrelator. Since the power of the signal was relatively small due to the loss of the VBTBPF2 ( 10 dB), it was required to use an -band EDFA to amplify it to a peak power of 5 W before launching it into the autocorrelator to measure its pulsewidth. Fig. 2 shows the pulsewidth and the time-bandwidth product (TBP) as a function of signal wavelength. Insets are autocorrelation traces at some wavelengths measured by the autocorrelator. The real full-width at half-maximum (FWHM) pulsewidth is calculated by assuming a sech pulse shape, multiplied the FWHM correlation width using a deconvolution factor of 0.648. Since the pulses have the same spectral bandwidth (5-nm), the curve for pulsewidth and the curve for TBP can be plotted into one curve. The pulsewidth increases when the signal detunes further from the pump, due to the walk-off between the signal and pump becomes larger which broaden the signal pulsewidth [16] . It can be observed that the pulsewidths of the signal (from 570 to 964 fs) are narrower than that of the pump (1.5 ps) because of the pulse compression effect [17] . The TBP is calculated to be around 0.36 to 0.60, which is larger than that of the transform-limited soliton pulse, 0.315. The tuning range of the FOPO is as wide as 30 nm. The peak power of the FOPO output signal is measured to be 93 mW at 1595 nm, corresponding to an efficiency of 0.53%. The relatively low efficiency is primarily due to the large insertion loss of the VBTBPF2, which is around 10 dB at 1600 nm.
III. CHIRPED PULSE AMPLIFICATION USING FOPA
In the previous section, we used an FOPO to realize subpicosecond signal generation. To increase the peak power of the signal, we sent the output of the FOPO as the input of the FOPCPA system. The signal we chose had a center wavelength of 1595 nm, pulsewidth of 750 fs, and linewidth of 5 nm. The experimental setup of FOPCPA is shown in Fig. 3 . The red dashed line shows the directions of optical path in the system. PC4 was used to align the SOP of the signal with that of the pump so as to maximize the parametric gain. A spool of 1-km single-mode fiber (SMF) with a dispersion of 20 ps/nm/km at 1595 nm was used to stretch the signal from 750 fs to 40 ps, with a stretching ratio of larger than 50. The peak power of the signal decreased from 93 to 1.5 mW after the stretcher. The pump source was a tunable laser source (TLS), which was fixed at 1555 nm, the same as the pump wavelength of the FOPO. The continuous-wave (CW) output of the TLS was intensity-modulated by the same electrical pulse used to drive MZM1 in Fig. 1 to generate pump pulse with pulsewidth of 100 ps and repetition rate of 100 MHz. It was then amplified by EDFA3 and EDFA4 and filtered by TBPF2 with a linewidth of 1-nm to produce a low-noise, high power pump. The ODL2 was used to synchronize the pump with the signal. The pump and signal were combined by WDMC2 with a separation wavelength at 1565 nm and launched into a 50-m HNL-DSF2 for parametric amplification. Other parameters of the fiber were the same as the HNL-DSF1. After parametric amplification, the signal was filtered by WDMC3, and compressed by a 100-m dispersion compensation fiber (DCF) with a dispersion of 96.6 ps/nm/km at 1595 nm to achieve a high peak power. The pulsewidth of the compressed signal was measured using an autocorrelator. Fig. 4(a) shows the signal spectra measured at the HNL-DSF2 output when the pump is switched OFF (red dashed line) and ON (black solid line). The wavelength of the signal is 1595 nm. It can be observed that the signal receives a parametric gain of 30 dB, and a strong idler at 1514 nm is also generated. The smaller peaks are due to the spurious FWM. The pedestal at the bottom of the pump is due to the ASE noise from the EDFA4. The peak power of the output signal pulse after HNL-DSF2 is measured to be 1 W. Fig. 4 also shows the autocorrelation traces of the original signal pulse (b) and the amplified signal pulse after compression (c). The amplified signal, which has a pulsewidth of 40 ps and peak power of 1 W, is compressed by the DCF. The compressed pulse has a peak power of 10 W, and a pulsewidth of 808 fs, slightly larger than that of the original signal pulse. Thus, the peak power we can obtain using FOPCPA configuration can be 10 times larger than simply amplification without chirping the pulse. The peak power enhancement ratio is less than the compression ratio because of the loss in the compressor.
The FOPCPA system also allows the use of idler for potential optimal compression. Since the signal and idler are phase-conjugated, the same copy of the signal stretcher can be used as the idler compressor. Thus, the use of the idler not only allows wavelength conversion, but also offers potentially simple compression design. Note that we use a stretching ratio of 50 to demonstrate the feasibility of FOPCPA with available equipments in our laboratory. It is expected that the performance of the FOPCPA system (the signal output peak power) can be improved if much longer stretched signal pulses are used, in which case much higher pump pulse energies can be applied.
IV. CONCLUSION
We first demonstrated a subpicosecond pulse generator based on FOPO. Ultrashort pulses were generated with a tuning range from 1585 to 1615 nm, with subpicosecond pulsewidth. We then made use of the generated signal at wavelength of 1595 nm as the input signal of a FOPCPA. The 750-fs signal was stretched to 40 ps, amplified by an all-fiber optical parametric amplifier and then compressed to 808 fs. The peak power of the signal was amplified from 93 mW to 10 W. These techniques have potential applications in generation and amplification of ultrafast pulses in nonconventional wavelength bands.
